JER1S, JoHN S. (Manhattan College, Bronx, N.Y.), AND RAUL R. CARDENAS, JR. Glucose disappearance in biological treatment systems. Appl. Microbiol. 14:857-864. 1966.-Laboratory scale anaerobic and aerobic treatment units were conditioned with a daily slug-feed of glucose. After a period of acclimation and stabilization, glucose disappearance was monitored continuously after the slug feed. A continuous sampling apparatus is described. Mathematical analysis of the data indicate zero-order reactions for both biological treatment systems.
Continuous studies on pure substrates are not always easy to perform. Many such studies, in fact, must rely on closely spaced intermittent samplings or an indirect analysis for the desired substrate. Inasmuch as the sanitary engineer has a great interest in the rate of substrate uptake (or its disappearance) in biological systems, intermittent sampling does not always provide the investigator with sufficient information to develop reliable engineering design data. When applicable, continuous monitoring for a known specific substrate by enzymatic or chemical analysis provides a valuable tool in investigating the kinetics of substrate removal.
In this paper we describe a study in which anaerobic and aerobic treatment systems, previously conditioned to glucose as a substrate, were continuously monitored for glucose concentration by enzymatic analyses.
MATERIALS AND METHODS
Autoanalyzer. The instrumental system, as well as the manifold used for the automated analysis of glucose, was the Autoanalyzer (Technicon Instruments Corp., Chauncey, N.Y.). Automated glucose method. Methodology for glucose analysis was essentially that of Hill and Kessler (3) . A flow diagram is presented as Fig. 1 . For the anaerobic system, samples were withdrawn continuously from a moving sample stream taken from the anaerobic digester. In the aerobic system, continuous samples were withdrawn directly from the aeration compartment of the treatment unit. In either case, the samples were then filtered and diluted with an air-segmented solution of 1.61 % sodium sulfate. After mixing, this solution was dialyzed against an airsegmented solution containing Triton X-100 (isooctyl phenyl ether of polyethylene glycol; Rohm & Haas Co., Philadelphia, Pa.). The dialysate was then combined with the enzyme-dye mixture and was incubated at 37 C. Absorbancy was measured at 460 mp in a 15-mm tubular flow cell. The reagents used were as follows.
Sodium sulfate solution was anhydrous Na2SO4, 16 .1 g per liter. Sodium sulfate-Triton X-100 solution was anhydrous Na2S04, 16 .1 g, plus 5 ml of Triton X-100 per liter. The enzyme preparation consisted of 25 g (1,500 units per g) of glucose-oxidase (Dee-0 Miles Chemical Co., Clifton, N.J.) and 200 mg of horseradish peroxidase (2,000 units per Mg, or RZ unit of 1 or more; Worthington Biochemical Corp., Freehold, N.J.) mixed with 1 liter of 0.1 M phosphate buffer at pH 7.0 and filtered through Whatman no. 1 filter paper. For storage, the solution was filtered through a sterile membrane (Millipore Filter Corp., Bedford, Mass.) and was refrigerated aseptically in an amber bottle. The enzyme preparation may be kept in this manner without appreciable loss of activity for several weeks. The dye was prepared by dissolving 500 mg of o-dianisidine (3,3'dimethoxybenzidine, Eastman Organic Chemicals, Rochester, N.Y.) in 100 ml of ethyl alcohol. A 250-ml amount of glycerol was added, and the mixture was diluted to 1 liter with distilled water. The solution was filtered and stored in an amber bottle. Refiltration through Whatman no. 1 paper may be necessary on storage.
Glucose standards of 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1,000 mg/liter of glucose were used to prepare the calibration curve. Two sets of standards were used for all runs, one immediately prior to the slug feeding of glucose, the other immediately after the uptake study. An average of the two standards was plotted on graph paper and the 857 NPresent address: Civil Engineering Department, New York University, Bronx. points were connected for the different glucose concentrations; a calibration curve was then constructed.
Anaerobic digester. The laboratory scale digester used is shown in Fig. 2 , together with the continuous glucose-sampling equipment.
A 7.0-liter capacity laboratory scale unit was used for this study. Initially, the digester was seeded with 3 liters of screened primary digested sludge taken from a primary sewage-treatment plant. This sludge was mixed with 4.0 liters of tap water and was maintained at 35 C. The unit was fed nutrients daily until gas production and other parameters were observed to be constant. Detention time was maintained at 15 days by the daily liquid withdrawals. A diaphragm pump, connected as shown, maintained the unit uniformly mixed by continuous gas recirculation. Samples taken for intermittent analysis were withdrawn from the sample ports shown on Fig. 2 either directly from the tubing leading to the continuous-flow sample point or from the sample port near the bottom of the digester.
Prior to enzymatic glucose determination, the anaerobic digester was operated continuously over a period of 65 days. This enabled the system to reach equilibrium conditions. Process control tests included pH, alkalinity, volatile acids, and gas production.
Activated sludge unit. A Ludzack-type (9) activated sludge unit ( Fig. 3 ) was employed for aerobic studies. This is a 5.5-liter unit containing a settling compartment and a porous stone diffuser. The unit was initially started with seed (2,000 mg/liter) from a municipal activated sludge-treatment plant. After about 1 week of operation under the conditions used, solids stabilized at approximately 1,700 mg/liter. Glucose dosage was maintained at 0.5 g chemical oxygen demand (COD) per day per g of Mixed Liquor Suspended Solids. Daily operation consisted of wasting 1,000 ml, followed by feeding of glucose, nitrogen, and phosphate buffer. Conditioning extended over a period of 21 days prior to the experiment. The pH was held in the range of 6.5 to 8.0.
Continuous sampling equipment. Sampling equipment from the digester to the Autoanalyzer is shown in Fig. 2 . Continuous circulation for sampling of the anaerobic digester contents was accomplished by use of a Sigmamotor pump. Samples for glucose analysis were withdrawn continuously with a separate Autoanalyzer pump connected directly to the digester sample stream by a glass "T" with a h-inch (0.16 cm; inner diameter) glass sampling tube inserted -as shown. The tube at the junction of the T was adjusted to feed from the center of the moving digester stream. Since the sample stream contained particulate matter, solid material was filtered out through a continuous-flow filter by use of S & S no. 2043-A filter paper. However, further experiments have indicated filtering to be unnecessary.
The time required to move a sample from the center of the digester to the Autoanalyzer manifold assembly was approximately 3 min. The time required for sample recirculation from the digester past the continuous flow sample point and back to the digester was approximately 2.5 min.
Sampling from the activated-sludge unit was VOL. 14, 1966 achieved by lowering a sampling tube from the Autoanalyzer directly into the aeration chamber ( Fig. 3 ). Enzymatic reactions. Glucose oxidase was first described by Muller (11) . Its specificity for O3-D-glucose was later shown by the work of Keilen and Hartree (7, 8) . The reaction proceeding was as follows:
glucose + 02 -) gluconic acid + H,02
Keston (Proc. Meeting Am. Chem. Soc., 129th, p. 31 c) in 1956 described a "novel" idea for the simultaneous use of two enzyme systems for determining glucose by use of o-tolidine color change. Huggett and Nixon (4, 5, 6) in 1957 described this method for manual estimation of glucose (in blood) with use of glucose oxidase, horseradish peroxidase, and o-dianisidine. The hydrogen peroxide formed in the presence of peroxidase, giving chromogenic oxidation products, the intensity of whose color is proportional to the amount of color initially present. Hill and Kessler (3), as well as Discombe (2) and Saifer (12) , adapted this method for the Autoanalyzer, the reaction being: glucose + 02 + water glucose oxidase > gluconic acid + H202 H202+ o-dianisicline horseradish proxidase (1) (2) water + Y202 + color
The color formed is detected optimally at 460 mIA.
Temperature. Temperature affects the kinetics of reactions in biological systems. For the anaerobic experiments presented herein, digestion units were housed in a constant-temperature room maintained at a temperature of 35 C + 0.1 C. This is the commonly employed temperature for such units, and can be considered to be typical of most field digestion treatment. Temperature in aerobic waste treatment, in contrast to anaerobic treatment, is conducted at the prevailing temperature of the waste water and varies with each season. For purposes of this experiment, however, the activated sludge units were held at room temperatures in the range of 23 -+-1 C. In both the aerobic and anaerobic studies, temperature 
was maintained constant and no effort was made to determine its effect. Anaerobic digester. The anaerobic digester was generally fed an amount of glucose to give a concentration of 1,000 mg/liter. The evening prior to the run, the diaphragm pump was turned on to recirculate gases and agitate the digester. To prevent settling or stagnation in the sample line, the Sigmamotor pump was also allowed to recirculate liquid samples overnight past the continuous-flow sample port. These pumps operated continuously up to and during the course of the experiment.
The morning of the glucose run, a steady base line was obtained on the Autoanalyzer with distilled water and reagents; then glucose standards were run. Just prior to slug-feeding glucose, a sample was removed from the digester for determination of pH, volatile acids, alkalinity, COD, and gas composition. As soon as the standards had been detected, the sample line to the digester was opened to determine the concentration of glucose prior to feeding. At no time was glucose detected in the digester before initiating a run, and the base line obtained was identical to that obtained with distilled water. At time zero, a slug of glucose calculated at approximately 1,000 mg/liter was fed to the digester. During the course of the experiment, liquid samples were removed from the digester for analysis. Gas-volume measurements were also taken during the run and for a period of time following the experiment. When the glucose concentration in the digester had diminished to the level of the pre-existing base line and remained steady, the analyzer was allowed to continue sampling from the digester for another 20 min. This was followed by distilled-water sampling, a set of glucose standards, and distilled water again.
Activated sludge unit. On the day of the experiment, solids were wasted and nutrients were added as usual. However, prior to adding glucose, a sample line from the Autoanalyzer was lowered into the aeration chamber. Similarly, as with the anaerobic run, a base line was obtained which was identical to that of distilled water. At time zero, a slug of glucose was added and monitored continuously until glucose could no longer be detected. Glucose standards were run immediately before and after the run.
For both aerobic and anaerobic units, continuous glucose analysis showed no drift of base line, or significant variation in the values of standards before and after the run.
RESULTS
Anaerobic digester. Two continuous runs were made for the disappearance of glucose in anaerobic digesters by use of the enzyme procedure and the Autoanalyzer. Both glucose runs employed slugs of glucose of approximately 1,000 mg/liter. Buildup of glucose concentration to a maximum was rapid and was obtained in approximately 5 min for the two runs. After periods of 43 and 31 min, respectively, of continuous monitoring, no glucose could be detected in the digesters. No noticeable lag was noted following the addition of glucose, and disappearance was observed to be almost perfectly linear. A slight tailing, departing from linearity, was detected toward the end of both runs.
A plot of the data for glucose disappearance following the slug at time zero is shown for both runs as Fig. 4 . The equations obtained for the disappearance of glucose are: Run 1, C = Co -1,300t Run 2, C = Co -1,490t where t = time (hr), C = glucose concentration at any time t, and Co = initial concentration of glucose: run no. 1, 930 mg/liter; run no. 2, 760 mg/liter. The values for C0 are obtained by extending the straight line portion of the curves shown in Fig. 4 to time zero. It should be noted TIME (minutes) FIG. 4. Glucose disappearance versus time (aerobic). that, although it was planned to have the same amount of glucose in each of the two runs, the initial concentration Co was different. The fact that the values of Co are not in close agreement with the glucose added makes an error in weighing a distinct possibility, although other reasons can be advanced. Future runs should resolve this question.
Activated sludge unit. Results from the slug addition of glucose to the activated-sludge unit are shown in Fig. 5 . The concentration of glucose used was approximately 1,350 mg/liter. Maximal concentration was detected 5 min after addition and diminished linearly, as shown, until low concentrations (less than 30 mg/liter) were reached, at which time some tailing was noted. As with the anaerobic run, no lag was noted following the addition of the substrate.
The equation obtained was as follows: C = C0 -388 t where t = time (hr), C = glucose concentration at any time t, and Co = initial concentration of glucose: 1,310 mg/liter.
DISCUSSION
Data for all the runs reported in these studies gave the same steady baseline with use of the glucose reagents for both distilled water and the biological unit contents prior to the run and following depletion of the added glucose. Considering the specificity of the enzyme detector system, it may reasonably be assumed that "true" glucose is being measured in the digester, For the course of this experiment, it is also reasonably safe to assume that the bacterial numbers, as well as the enzyme in the system, will remain fairly constant, considering the long generation times characteristic for bacteria in anaerobic systems. In such systems, bacteria are known to reproduce at slow rates, reasonably beyond 1 hr, and certainly longer than the time required for the disappearance of glucose in these experiments. For the aerobic system, this argument may not be valid. Nevertheless, considering the linearity of the results and the low feed concentration, this factor does not appear to be significant. According to currently held theories of enzyme reactions, and the accepted mathematical analysis of Michaelis-Menton (10), enzyme reactions take place by reversible, complex reactions involving the enzyme (E), substrate (S), enzymesubstrate complex (ES), and the end product (P). This is usually represented as follows: 
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then the enzyme-substrate complex (ES) in equation 2 is seen to be independent of the substrate concentration (S) and the rate of formation and decomposition of the enzyme-substrate complex (ES) does not vary with concentration. Hence, the disappearance of the substrate is a zero-order reaction.
A graph of the data obtained ( Fig. 4 and 5) , with a plot of the calculated equations superimposed, shows concentration of substrate to be a function of time in a straight line relationship. These plots show the rate of reaction dc/dt to be constant, thus prescribing a zero-order reaction, which is consistent with the predicted behavior for enzymatic reactions of the Michaelis-Menton theory.
In aerobic waste-treatment systems, such as activated sludge or trickling filters, Wuhrmann, as well as others (1, (13) (14) (15) (16) , also demonstrated that concentrations of pure compounds in a suspension of microorganisms will decrease in concentration linearly with respect to time, and hence be zero-order reactions.
Inasmuch as even low substrate concentrations will apparently suffice for maximal saturation velocities of known substrate receptor sites, transport mechanisms for the substrate molecules to the receptor sites appear to be the only factor determining the kinetics of substrate disappearance in a medium. Since this mechanism is mostly diffusion, it follows that a concentration decrease should follow a zero-order reaction.
Following this line of reasoning, which was advanced by Wuhrmann (15) , it would appear that as soon as the external substrate concentra--tion has diminished to the point that diffusion rates become less than the rate of fixation to the cell receptors, a change in the reaction-rate characteristics will occur. These concentrations are considered to be low, even beyond the limits of detection employed in the laboratory. At low levels of substrate, it can be seen that tailing or departure from linearity might be expected. Analysis of our laboratory data, as evidenced by the gradual tailing observed in both runs, is consistent with this interpretation.
As a tool for the study of continuously operating treatment systems, such as the anaerobic digesters, the activated sludge process, or any unit operation in biological waste treatment, the principle of continuous monitoring for a substrate is a valuable approach and can yield much useful information. By this methodology it is possible to develop more precise mathematical descriptions relating to the kinetics involved in substrate disappearance, and hence, eventually, to provide more meaningful data relating to waste-treatment processes. Less direct, and perhaps more important, is the fact that continuous monitoring provides a method of study of the waste-treatment process which can enable an investigator to study one specific (or principal) reaction rate with respect to a wide number of variables.
